| INTRODUCTION

It is important to understand when and how plate tectonics began
and what Earth's tectonic style before this was. In the following essay, we follow the modern redefinition of plate tectonics by Stern and Gerya (in press ): "A theory of global tectonics powered by subduction in which the lithosphere is divided into a mosaic of strong lithospheric plates, which move on and sink into weaker ductile asthenosphere. Three types of localized plate boundaries form the interconnected global network: new oceanic plate material is created by seafloor spreading at mid-ocean ridges, old oceanic lithosphere sinks at subduction zones, and two plates slide past each other along transform faults. The negative buoyancy of old dense oceanic lithosphere, which sinks in subduction zones, provides major power for plate movements." When Earth began to behave this way and how we can use the climate record to shed light on the transition to plate tectonics, as defined above, is the crux of this paper.
Understanding the evolution of plate tectonics on Earth is key to understanding how our planet became habitable. We know that Earth formed hot and has since been cooling. Geodynamic modelling indicates that Earth's interior had to cool by a few hundred degrees in order for sustainable subduction and thus plate tectonics to happen. Cooling caused greater strength and density of oceanic lithosphere, which promoted long-lasting subduction (Gerya, Stern, Baes, Sobolev, & Whattam, 2015) . The geodynamic transition from a single-plate (stagnant lid) tectonic style with plume-induced short-lived lithospheric drips and embryonic subduction zones to global modernstyle plate tectonics, with deep and long-lived subduction, reflected the thickening, strengthening and densification of oceanic lithosphere due to mantle cooling. It is uncertain when this transition occurred and how long it took to generate the modern plate mosaic.
Most geoscientists think that plate tectonics began early in Earth history, particularly in Archaean time (Cawood, Kroner, & Pisarevsky, 2006; Korenaga, 2013) . Nevertheless, it is increasingly clear that Earth went through major tectonic changes in Neoproterozoic time (e.g. Brown, 2010; Ernst, Sleep, & Tsujimori, 2016; Hawkesworth, Cawood, & Dhuime, 2016) . It is worth further considering whether this was when plate tectonics as defined above began. Geological evidence is critical (Figure 1 ), including the observations that most ophiolites -direct indicators of seafloor spreading and thus plate tectonics -are Neoproterozoic and younger (Figure 1b) and that all blueschists and ultra-high pressure (UHP) metamorphic terranesdirect evidence of deep subduction and thus plate tectonics -are Neoproterozoic and younger. Perspectives from other geoscientific disciplines are useful in this inquiry, for example studies of gemstones and kimberlites. Rubies only form in continental collision zones and jadeitite only forms in subduction zones, and both of these "plate tectonic gemstones" are limited to Neoproterozoic and younger time (Figure 1c,d) .
Kimberlites -the water-and carbon dioxide-charged eruptions that carry diamonds from deep in the lithosphere to the surfaceare concentrated in Neoproterozoic and younger time (Figure 1a) , perhaps because large volumes of these volatiles were not delivered to great depth in the mantle before subduction and plate tectonics began at this time (Stern, Leybourne, & Tsujimori, 2016) .
Below, we build on the well-founded assumption that the transition to plate tectonics would have resulted in major changes in the solid Earth system -possibly including the spin axis, volcanism and topographic relief -and that these changes would have profound effects on Earth's climate and related systems. Specifically, we use the work of other geoscientists to explore the possibility that the major shifts in climate and the C isotopic record known as "Neoproterozoic Snowball Earth" (NSE) were caused by a prolonged (~250 Ma) transition from stagnant lid tectonics >800 Ma to a global plate tectonic regime by~550 Ma. We first state our assumptions and outline what is known about Earth's tectonic regime before the NSE. We then summarize our present understanding of the timing and causes of NSE and show how NSE could have been the response of Earth's climate and hydrosphere to the transition to plate tectonics. We acknowledge that such an exploration of links between fundamental changes in Earth's tectonic and climate systems cannot yet be definitive, but we do think that it is novel and useful.
| PREMISES
We can informally define the moment that something changes in an important way as a singularity. Some singularities are obvious: they start with a bang and leave clear evidence. As an example of a "loud and clear" singularity, consider the beginning of thermonuclear fusion in the core of the Sun~4.5 Ga. This may have resulted in an explosion, powerful enough to blow away the atmospheres of the inner planets. Other singularities leave little evidence when they occur and take many millions of years to affect their surroundings. The origin of life -the first self-replicating cell -may have been such a cryptic singularity, with clear evidence for life appearing much later in fossil stromatolites and C isotopic compositions of carbon-bearing sediments. The beginning of plate tectonics may not have occurred as a singularity, but instead over an extended period of time. We do not know the duration of the transition from a stagnant lid one-plate regime to a two-plate embryonic plate tectonic regime to the modern 12-big plate tectonic regime (Gerya et al., 2015) . Did the transition require 10, 100 or 1000 million years to accomplish? Was it smooth and continuous once underway, or was it episodic, with stops and starts? We have only begun to consider these questions.
We assume that the transition to plate tectonics (hereafter, "the transition") disturbed the oceans and atmosphere enough to leave evidence in the sediment record. This is expected because as the number of plates grew, so did the global distribution of important plate-margin processes (e.g. increased H 2 O and silica content and thus explosivity of magmas, increased CO 2 due to volcanic degassing, In this exploration, we make no effort to evaluate the many proposed explanations for NSE. Instead, we build on our understanding that the transition from stagnant lid to plate tectonics should have strongly affected climate, show that such effects are in most cases consistent with inferred causes of NSE, note that such effects are not known from other times inferred for the start of plate tectonics (Note: the Huronian snowball Earth episode shown on Figure 1 occurs at a time that has not been advocated for when plate tectonics started), and comment on whether or not the duration of NSE is consistent with that expected for the transition to plate tectonics.
We start by showing that the preceding tectonic regime in Mesoproterozoic time appears to have been a protracted stagnant lid episode.
| THE BORING BILLION: A MESOPROTEROZOIC STAGNANT LID EPISODE?
Before we consider how the transition might have caused NSE, we must consider Earth's tectonic and climatic regime before NSE. This was a protracted episode known as "The Boring Billion" (aka Dullest Blueschists (sensu lato) and Glaucophane-bearing eclogites 
FIGURE 1
Comparisons of key petrotectonic indicators for plate tectonics and timings of major glacial episodes (vertical blue regions, after Cox et al., 2016) spanning the last 3 byrs. a) Kimberlites provide evidence of mantle ingassing due to subduction . b) Ophiolites provide evidence of seafloor spreading and horizontal motions consistent with plate tectonics (Stern, Leybourne, & Tsujimori, 2017 ; modified by Palaeoproterozoic ophiolites from Condie, in press). c) Indicators of subduction zone metamorphism -blueschists, glaucophane-bearing eclogites, lawsonite-bearing metamorphic rocks and jadetites -form only in the cool, fluid-rich environments in and above subduction zones (Stern, Tsujimori, Harlow, & Groat, 2013) . d) Ultra-high pressure metamorphic rocks and the gemstone ruby proxy continental collision and deep subduction of continental crust (Stern et al., 2017 Figure 1 ), the 2600-1600 Ma portion follows Melezhik, Roberts, Fallick, Gorokhov, and Kuznetsov (2005) ; the 1600-920 Ma portion follows Kah (2004) . The 540-920 Ma portion follows Cox et al. (2016) , including LIPs; Neoproterozoic C-isotope excursions B, I, T, Tr and S denote Bitter Springs, Islay, Tayshir, Trezona and Shuram anomalies, respectively. The Phanerozoic portion follows Shields and Mills (2017) ; note this is a smooth of the composite curve. g) Sedimentary phosphorite abundance as represented by deposits (Planavsky, 2014) evolutionary and lithospheric stability (Brasier, 2012; Buick, Des Marais, & Knoll, 1995; Cawood & Hawkesworth, 2014; Holland, 2006; Young, 2013) , although the formation of the Rodinia supercontinent occurred near the end of this interval. Cawood and Hawkesworth (2014) list seven characteristics of the Boring Billion:
paucity of passive margins; absence of glacial deposits and iron formations; lack of significant seawater Sr-isotope spikes; lack of phosphate deposits ( Figure 1g) ; high ocean salinity; abundant anorthosites and alkali granites; and limited orogenic gold deposits.
Sr and C isotopic compositions of seawater-proxy carbonates change little during this time (Figure 1e, f) . The Boring Billion was also a long time when deep oceans were substantially ferruginous/anoxic/ euxinic and the complexity of life increased very slowly, possibly because high levels of plume activity and hydrothermal Fe input restricted oxygen to low levels while limiting the availability of important micronutrients (Lyons, Reinhard, & Planavsky, 2014 and references therein); biological evolution is likely to be slower during stagnant lid episodes than during plate tectonic episodes, as discussed by Stern (2016) . These characteristics are very like that expected from a stagnant lid episode, although we stress that we have much to learn about likely variations in stagnant lid behaviour (Stern et al., in press; Wyman, 2017 Clathrate formation and destruction could readily be accomplished by rapid burial of organic-rich sediments in new rift basins and exhumation by uplifts ). This conclusion is consistent with that of Shields and Mills (2017) , who argued that tectonic controls were "underlying drivers" of C-isotope variations in
Neoproterozoic marine carbonates that were previously ascribed to organic carbon burial or to the changing isotopic composition of carbon sources. Tremendous changes in carbon sequestration and release are likely signatures of the transition.
Explosive volcanic eruptions -especially those associated with convergent margins and magmatic arcs -inject sulphur aerosols into the stratosphere; these aerosols reflect incoming solar radiation and cool the atmosphere and surface. Cooling as a result of increased explosive volcanism (2.9) may have caused NSE (Stern, Avigad, Miller, & Beyth, 2008) . A similar effect was recently ascribed to LIP volcanism (2.10; Macdonald & Wordsworth, 2017) . A transition to plate tectonics is very likely to have greatly increased explosive arc volcanism.
The last proposed geodynamic mechanism for NSE is that reduced continental arc igneous activity prior to the Cryogenian glaciation was responsible (2.11; McKenzie et al., 2016) . We think that this conclusion is misleading. About 20% of the continental crust formed in Neoproterozoic time (Stern, 2008) , so that if abundant Cryogenian arc sequences in especially the Arabian-Nubian
Shield and elsewhere in Africa (Stern, 1994) 
| DISCUSSION
The preceding presentation is based on the inference that the transition from stagnant lid to plate tectonics should disturb climatic and oceanographic stability, and that such disturbances are likely to have continued as the plate mosaic grew from one plate to two plates to the present 7+ plate system. We have shown that there are several ways that this transition could have disturbed the surface systems. We do not attempt to distinguish which of these actually happened or which were most important. The fact that strong climate and oceanographic effects are observed in Neoproterozoic time is a powerful supporting argument that this is indeed the time of the transition, and is an argument that -to our knowledge -has not heretofore been considered. The fact that other proposed times for the transition -for example at 3. 
